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Abstract. The dielectric constant of a PbTe epitaxial layer has been measured by surface 
wave spectroscopy using an optically pumped far-infrared laser and the technique of 
attenuated total reflection. 
PACS: 77,42.80 
It is very difficult to measure the dielectric constant S at 
frequencies where its real part er is negative. This is due 
to a large and nearly constant reflectivity, and in 
addition to an usually high absorption constant 
However, whenever the real part er is smaller than -1, 
surface waves may exist [1]. Their dispersion is de-
termined by the dielectric constant. If the imaginary 
part of the dielectric constant, Si' is not too large, the 
surface wave dispersion may be measured quite ex-
axtly. This leads to data for the dielectric constant 
The optical constants of PbTe . below the plasma 
frequency have usually been inferred from an oscillator 
fit to reflection data, e.g. [2-5]. A direct determination 
of the lattice contribution to the dielectric constant 
was made possible by a magneto-optical measurement 
[6] using the stripline technique [7]. In this paper, we 
shall describe a surface wave spectroscopy experiment 
for the measurement of e in the reststrahlen region. 
The Experimental T ecbnique 
A hole coupled, optically pumped FIR laser was used 
as a radiation source. The laser beam was collimated 
* Present address: Forschungsinstitut fUr Optik, SchloB KreBbach, 
D-74oo Ttibingen. Fed. Rep. Germany 
with a quartz lens. Excitation of the surface waves was 
achieved by the method of attenuated total reflection 
[lJ, using a polyethylene prism and spacers between 
the prism and the sample. Prism and sample were 
mounted in a liquid helium cryostat (Fig. 1) and could 
be rotated perpendicular to the optical path. Further 
information on the set up may be found in [8]. 
By scanning the angle (x, the wave vector f3 of the 
electric field which penetrates into the gap below the 
totally internal reflecting prism base is varied, accord-
ing to the equation f3=np·(w/c)sinrJ., where np is the 
refractive index of the prism, w the frequency of light 
and c the speed of light in vacuum. A resonance with a 
surface wave on the sample shows up as a minimum of 
the internally reflected beam. The shape of this mini-
mum is described by Fresnel's equation, given for 
example in [14]. 
The internal angle ex has to be deduced from the 
external angle of incidence. Thus we have to know the 
prism refractive index np' and the refractive index nHe 
of liquid helium for the wavelengths of interest. For 
liquid helium we used nHe = 1.0243 ±O.OOO3, which is 
extrapolated from the data in the literature, where nHe 
was determined to be 1.02430 ± 0.00024 at 9.1 GHz [9] 
and 1.024511 ±O.000040 at 549 THz [10]. The re-
fractive index of the prism material polyethylene was 
measured by its refraction [8] to be at 4.2 K : 
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Since the sample was mounted in a cryostat, it would 
have been difficult to make measurements with and 
without a sample behind the prism, in order to de-
termine the reflection change induced by the sample. 
Therefore, we measured the reflection in both the 
TM (p) and TE (s) polarisation of the beam and used 
the ratio of these values, corrected for the different 
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Fig. 1. The experimental set up. Hostaphan is a re-
gistered trade name, and similar to Mylar 
reflections at the prism entrance face. The TE polariz-
ed laser beam cannot couple to the TM surface 
waves. 
Figure 2 shows the experimental points together with a 
fit to Fresnel's equation. There is considerable scatter 
in the data due to a low signal intensity which is caused 
by reflection losses of the numerous reflecting dielectric 
surfaces. Additionally, helium bubbles in the light path 
seemed to contribute some noise to the signal. 
The best fit was computed by minimizing the mean 
square deviation of the experimental data from the 
theoretical values. The results for e are shown in the 
following table. 
The stated error limits were computed by using the 
largest and lowest possible values for the gap width d, 
v= 96.97 cm-' 
d= 160 }Jm 
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Fig. 2. The attenuated reflection versus the angle of incidence IX. The experimental points are shown together with the theoretical result from 
Fresnel's equations. The values of e obtained by a fit of the data to FresneI's equation are given below the graphs, d being the width of the gap 
between prism and sampJe 
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Table 1. The experimental values of e for PbTe at 4.2 K from a best 
fit calculation 
£r ej V [cm- i ] 
-(32 ~ ~) 2.3 ~k~ 84.15 
-(16 ±2) 1 ±02 96.97 
-(12.9 ± 1.4) 0.7±0.3 103.60 
which is measured to ± 10 J.1IIl, and the angle ex to ± 5'. 
These error limits are much larger than the statistical 
errors of each individual fit as computed from the 
program. This evaluation of S requires, that the elec-
tromagnetic radiation be a plane wave. Even though 
the finite dimensions of the sample (diameter 8 mm) are 
still quite large compared to the wavelength of 0.1 mm, 
they introduce a systematic error into the preceding 
calculation. The beam cannot be described exactly by a 
single wavevector p, but rather by a distribution 
around {J with a linewidth of the order of 1 cm - 1. An 
evaluation of e neglecting this additional width, and its 
widening of the reflection minimum, overestimates 
systematically the imaginary part of s. 
In order to get a feeling for the influence of this effect, 
both the imaginary and real parts of e were varied, 
such that the minimum in the curve of RTMiRTP, versus 
angle ex, stays at the same angular position as shown in 
Fig. 3. It turns out that the required value of sr hardly 
changes whereas Si has a larger effect. The value of 
RTMIRTE at the minimum depends strongly on Si' This 
. dependence is shown in Fig. 4. Because ?i is a function 
of the value of RTMIRTE at the minimum, we may use 
this value to determine Si' In fact, it turns out that the 
imaginary part of e as determined by plane wave 
analysis is systematically too large, as expected. 
Table 2 contains the values of S as derived by the 
position of the minimum and the reflectance: 
Table 2 
-(32~~) 
-(16± 1) 
-(B±0.7) 
1.6 ~ g:~ 
0.9 ~ g :~ 
0.6~g:~4 
84.15 
96.97 
103.60 
This correction procedure does not change the values 
of Sr' even with a smaller assumed error due to the 
uncertainties in d and ex, but the values of Si are 
somewhat smaller, and also have increased uncertainty 
limits. Thus we consider the values in Table 1 as 
corrected experimental values, and we note that the 
possible range of S is the same as the range of er in 
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Fig. 3. Some theoretical curves for the v=84.15 cm- i experiment, 
having the experimental minimum position. Starting from the lowest 
curve, thu values are : - 31.7 +8.3i, - 31.8 +2i, - 32+ 1.5i, -32+i. 
The real part of e hardly depends on the choice of the imaginary part 
V Icm~ 1 
84.15 
d/lJm 
160 r 0.3 
o . 2 F---.,..----..:::...o::---
c:: 
.~ 0 .1 
w 
~ 
er 
-~ 1.5 2 
~ ~::E=I 
0.7 0.8 0.9 1.1 
103 .6 90 
0 .3 
0.4 0.5 0.6 0.7 
Ei~ 
Fig. 4. Theoretical values of the minimum reflection as a function of 
the imaginary part of t, computed for the experimental parameters. 
The values of Si derived by plane wave theory (open circles) 
systematically overestimate Si' as can be seen from the experimental 
value of the reflection. This is due to the finite size of the sample 
Table 1, the upper limit of £j has to be taken from the 
fITst, and the lower limit from the second table. 
The PbTe sample is a 40 Jlm thick epitaxiallayer that 
was grown on a BaF 2 substrate by the hot wall 
technique with the following growth parameters: 
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Fig. 5. Mobility and carner concentration of the sample as a function 
of the temperature 
substrate temperature 450 ~C, 
source temperature 550°C, 
Te compensation temperature 220°C, 
growth rate 4.9 ~/h . 
The carrier concentration n and mobility p. were 
determined between 14 and 300K from the Hall 
voltage and resistivity using the van der Pauw method 
(Fig. 5). Since the curves flatten out at the lower 
temperatures, the 14K values p.=5.15 x 105 cm2jVs 
and n=6.36x 1016 cm- 3 may be used as material 
parameters for 4.2 K. 
Discussion 
In order to compare our data with those of previous 
publications, we have analyzed the dielectric constant 
with the sum of the lattice-oscillator and Drude terms: 
(1) 
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Fig. 6. The experimental values of et and er with their error bars are 
compared with the highest and lowest theoretical curves possible for 
the parameters taken from the literature. The electron damping 
parameter r was chosen for the best fit of the curve to the 
experimental values. The real part makes it obvious, that the set of 
parameter values (given in a table in the text) is Dot valid for our 
sample 
80 and ea:! are the static and optical dielectric constants. 
The phonons are described by vTO and}' (the wave-
number of the transverse optical phonon and the 
damping factor in cm - 1). The plasma frequency is 
characterized by its wavenumber given by the 
equation: 
where e is the charge of an electron, ell the permittivity 
of vacuum and m* the effective mass. We are justified 
in using a frequency independent eiectron damping r 
in the frequency range of interest, according to [11]. 
Using data from the literature, we anticipated finding 
measurable surface waves around v = 100 cm -1. 
Figure 6 shows our experimental values together with 
the theoretical value of e as computed from (1). The 
theoretical curves were obtained using the maximum 
and minimum values of the parameters found in the 
literature. The electron damping factor r was chosen 
in order to keep the experimental data of the imag-
inary part of the dielectric constant consistent with the 
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Table 3 
Parameter x 
t:o=1267±SO 
e =33 
vT:= 17.5±0.S cm- 1 
r=4.5 cm- 1 
')I =0.6 ±0.4 cm - 1 
vp =72±5.5cm- 1 
oer x F=-·-
ox er 
1.4 
-0.46 
2.7 
-5.3.10- 3 
2.5·10-4-
1.2 
0.25 
0.74 
0.54 
0.75 
0.25 
-1.5 
range of the theoretical values. This r is much higher 
than those given in the literature, but it should ,be 
considered with caution since it depends on the choice 
of other parameters. The discussion of the real part of e 
will show that these parameters from the literature do 
not describe our sample well. 
The experimental real part of e turns out to be 
definitely higher than expected. Trying to find the 
origin of this discrepancy, we have calculated the 
influence of the above mentioned parameters on e. 
This is given as a linear approximation by the equation 
F=(8ei rl8x)'(X/Si r), for each parameter x and both 
the reai and imaginary parts of e. With this definition 
of F, the relative variation of e due to a relative change 
~x/x'in x is given by F· ~x/x. For instance, a 1 % rise in 
Bo will lower er by 1.4 %. The results are shown in 
Table 3, together with parameters for comparable 
samples, taken from the literature [4-6]. The un-
certainties were either given in the literature or were 
determined from the range of values in the literature. 
The error 'in v p arises mainly from the error in the 
effective mass: m* = 0.034 ± 0.005 mo [12]. 
It is obvious that the decision to use a value of r fitted 
to our experiment cannot explain the differences in the 
real part of e, as r hardly influences er' In order to 
establish agreement with our experimental data, at 
least one of the parameters eo, v P' or vTO that have a 
large influence on er should have values smaller than 
those in the table, and/or Bco should be larger. For 
example, if vTO = 16.5 cm - 1 then the curve describing 
the upper limit intersects the error bars. Recent mic-
rowave experiments with similar samples yielded high-
er dielectric constants than those given in the previous 
literature [13J. This excludes the possibility of using a 
lower value for eo. Therefore one or more of the then 
remaining parameters is in error. 
Conclusions 
In principle, the six experimental values should be 
sufficient to calculate up to six independent parame-
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ters. In a prior, similar experiment at room tempera-
ture [8], we achieved errors of 3 % to 10 %. Errors of 
this order of magnitude allow a more exact determi-
nation of the parameters than was possible in this 
experiment. We hope to reduce the erros at cryogenic 
temperatures in the future to such levels. 
Although surface polariton spectroscopy can only 
yield data for a limited number of frequencies, it will be 
of use in establishing or corraborating oscillator fits to 
other spectroscopic data. Our experimental data for 
the dielectric constant when compared to values com-
puted from parameter values given in the literature for 
samples grown under comparable conditions, show 
that these parameter values do not hold for our 
sample. 
An obvious advantage of these measurements is that 
thick layers or even bulk rna terial maybe used. This is 
in contrast to transmission experiments with high 
absorption and reflection. It is known, that PbTe 
samples should be quite thick in order to get "bulk" 
values for the epitaxial layers [5]. However, interfer-
ence fringes which allow a good determination of the 
optical constants may be favourably used only up to a 
thickness of about 15 !lm. 
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